Reproductive efficiency is arguably the most economically important trait in commercial beef cattle production, as failure to achieve pregnancy reduces the number of calves marketed per cow exposed to breeding. Identification of variation in the genome with predictive merit for reproductive success would facilitate accurate prediction of daughter pregnancy rate in sires enabling effective selection of bulls producing daughters with improved fertility. Copy number variation (CNV) is one form of structural variation that results in abnormal copies of DNA in the genome. Our lab previously reported a region between 25 and 70 Mb on chromosome 5 associated with reproductive efficiency. To further evaluate this region for genomic variations such as CNV, we initially applied a genomewide association approach based on the >700,000 SNP marker assay and PennCNV analysis to 68 Bos indicus cross females from a large commercial ranch in central Florida. A genomic segment located on chromosome 5, spanning the region of approximately 58.37 to 58.44 Mb (Bovine UMD3.1 assembly) was identified as containing a deletion associated with decreased reproductive efficiency. To verify this deletion, a quantitative real-time PCR test was developed to evaluate additional females in the central Florida and U.S. Meat Animal Research Center (USMARC) populations. The frequency of the homozygous deletion was 7% (23/319) in the central Florida population (Bos indicus cross) for females with 2 consecutive failed breeding seasons and 0% in the USMARC population (predominantly Bos taurus) of low reproductive females. To date, we have not identified the deletion in Bos taurus cattle, suggesting that the deletion is specific to Bos indicus cattle. From these data, we have identified a deletion on chromosome 5 associated with reproductive efficiency in Bos indicus-influenced cattle.
INTRODUCTION
Identifying and understanding variation in the cattle genome associated with reproductive traits is of importance as reproductive failure of the female has an impact on the longevity and marketability of the animal (Cammack et al., 2009; Clark et al., 2005) . Additionally, reduction in unproductive periods in the reproductive female's life would significantly impact production costs. Through a genomewide association study (GWAS), we previously reported a genomic region on chromosome 5 between 25 and 70 Mb associated with reproductive efficiency (T.G. McDaneld, unpublished data) . Therefore, we set out to further evaluate this region and identify specific genomic variations that are associated with reproductive efficiency.
Copy number variations (CNV) are a form of structural variation that are represented by deletions, insertions, duplications, or inversions that can range in size from a few hundred bases to several mega-base pair. As a result, CNV can change the gene structure, alter expression of the transcript, or increase or decrease gene dosage. While CNV have been identified across the bovine genome (Cicconardi et al., 2013) , the function of most CNV has not been fully defined. With the advent of high-density SNP arrays, it is possible to identify CNV represented by deletions based on normalized intensities of red and green signal from the BovineHD BeadChip assay (Illumina Inc., San Diego, CA), where relative intensity of the SNP signal across the genome is used to represent presence or absence of a CNV.
A study using the BovineHD BeadChip assay (Illumina Inc., San Diego, CA) and PennCNV (Wang et al., 2007) analysis was conducted across a population in central Florida and U.S. Meat Animal Research Center (USMARC) to identify a deletion associated with reproductive efficiency in beef cattle. This deletion was then validated in 2 populations of both Bos indicus and Bos taurus influence.
MATERIALS AND METHODS

Animal Populations
The USMARC Animal Care and Use Committee approved the procedures used in this experiment for their population. Populations evaluated included the US-MARC population and a population in central Florida. Commercial and seed stock beef cattle operations supplied phenotypic data and blood samples for DNA extraction. Locations of each operation as well as breed, phenotype, and reproductive management information are included in the legend of Table 1 .
Sample Preparation and BovineHD Bovine BeadChip Assay
Deoxyribonucleic acid was extracted using the Qiagen BioSprint 96 DNA Blood Kit following manufacturer's instructions (Qiagen, Valencia, CA) . Concentration of the extracted DNA was measured using a fluorometer while quality of DNA was evaluated by gel electrophoresis to ensure high molecular weight DNA was present and intact. Prepared DNA samples were genotyped on the BovineHD BeadChip assay by GeneSeek (Neogen, Lincoln, NE).
Data Analysis
An initial GWAS using DNA pooling (data not shown) identified SNP from the central Florida population associated with reproductive efficiency located across the genome including chromosome 5 and 25. To further evaluate these regions, a subset of females from the central Florida population, used in the initial GWAS pooling study, were individually genotyped using the BovineHD BeadChip assay. Initial CNV discovery was performed using default parameters of PennCNV (last update June 2012; Wang et al., 2007) on individual BovineHD BeadChip assay data of 62 nonpregnant/nonpregnant (females with 2 consecutive failed breeding 1 Data were collected from yearling heifers exposed in a 90-d autumn breeding season. If a heifer failed to become pregnant, she was retained in the herd and exposed again as a 2-yr-old heifer. Phenotype is the combination of the pregnancy failure (nonpregnant/nonpregnant) or success (pregnant/pregnant) of the 2 breeding seasons.
2 Phenotypes were determined from a population of cows with DNA available, which had not been culled for reasons other than reproduction in the first 5 yr of life. To rank cows for reproductive merit, we treated the observation of nonpregnant or pregnant in a breeding season as the phenotype and fit breeding season and population as fixed effects and cow as a random effect.
3 Previously collected BovineHD BeadChip assay data from USMARC population including male and female cattle of both Bos taurus and Bos indicus background.
season) central Florida cattle that were negative for the Y anomaly (presence of Y-associated SNP) previously identified by our lab (McDaneld et al., 2012) and 6 nonpregnant/nonpregnant central Florida females with the Y anomaly ( Fig. 1) . Log R ratio (normalized measure of the total signal intensity for 2 alleles of a SNP) and B allele frequency were evaluated for each SNP on the BovineHD BeadChip assay to evaluate presence or absence of the SNP in the region of the deletion, as log R ratio is more informative for homozygous deletions. After identification of the deletion on chromosome 5 in the central Florida population, approximately 1,000 USMARC cattle and 7 central Florida cattle (with 2 consecutive pregnancies) with BovineHD BeadChip assay data were also evaluated (data not shown).
Validation of Deletion Using Real-Time Quantitative PCR
Quantitative real-time PCR (QRT-PCR) assays were used to validate the deletion detected by the beadchip assay (Fig. 2) . Presence of the deletion on chromosome 5 was determined by SYBR green chemistry with a MJ Chromo4 RT PCR detector PCR machine (BioRad, Hercules, CA). Primers were designed by Primer3 and developed to be located outside (1 primer set 5′ of the deletion and 1 primer set 3′ of the deletion, Chr5_CNV_1 and Chr5_CNV_6, respectively) and inside the boundaries of the deletion (Chr5_CNV_2 through Chr5_CNV_5; Table 2 ). All assays were performed in duplicate using 25 μL reactions. SYBR green assays included 12.5 μL iQ SYBR green (BioRad, Hercules, CA), 1 μL forward and reverse primer mix (20 μM), 10.5 μL H 2 O, and 1 μL DNA (20 ng/μL). Amplification was completed at the follow- Figure 1A and B present data of a female from the central Florida population (nonpregnant/ nonpregnant) that was determined to be normal for the deletion on chromosome 5 for Log R ratio and B allele frequency, respectively. Figure 1C and D present data of a female from the central Florida population that was determined to be homozygous for the deletion on chromosome 5 for Log R ratio and B allele frequency, respectively. Lane 1 and 6 represent the primer pairs Chr5_CNV_1 and Chr5_CNV_6, respectively, which amplify DNA outside the boundaries of the deletion. Lanes 2, 3, 4, and 5 represent the primer pairs Chr5_CNV_2, Chr5_CNV_3, Chr5_CNV_4, and Chr5_CNV_5, respectively, which amplify DNA within the boundaries of the deletion.
ing conditions: 1 cycle at 95°C for 3 min, 35 cycles at 95°C for 20 sec, 54°C for 20 sec, and 72°C for 10 sec. A melting curve was completed at the end of the amplification. Identification of the deletion was determined by presence or absence of a PCR product for primers sets located within the boundaries of the deletion (Chr5_CNV_2 through Chr5_CNV_5) compared to primers sets located outside the boundaries of the deletion (Chr5_CNV_1 and Chr5_CNV_6). Deoxyribonucleic acid from an animal determined not to possess the deletion was also used as a control for the primer sets. Fisher's exact test implemented in R (version 2.15.1; R Core Team, 2012) was used to determine the significance of the deletion (presence or absence of deletion) as determined by QRT-PCR by testing for discrepancies from independency in a 2 × 2 contingency table with pregnant versus nonpregnant as 1 margin and homozygous deletion versus nonhomozygous deletion as the second margin.
RESULTS AND DISCUSSION
Identification of Copy Number Variations on Chromosome 5
Copy number variations are structural variations of the genome that have previously been associated with a variety of phenotypic traits including disease and feed intake in cattle (Hou et al., 2012a,b) . With the advancement of technologies including whole genome sequencing and SNP beadchips, current research has continued to identify new CNV across the bovine genome and the need to identify the possible function of these CNV has increased. Through use of the BovineHD BeadChip assay and DNA pooling, we previously reported a region on chromosome 5 between 25 and 70 Mb associated with reproductive efficiency (T.G. McDaneld, unpublished data) . This region on chromosome 5 overlaps with a 55 to 75 Mb region previously associated with twinning rate in cattle (Allan et al., 2009; Kim et al., 2009; Cruickshank et al., 2004; Lien et al., 2000) , and Hawken et al. (2012) reported several SNP associated with postpartum anestrous interval in tropically adapted cattle within a similar region on chromosome 5 using the 50K bovine beadchip assay. Additionally, SNP in candidate genes on chromosome 5 have been associated with reproductive traits in Bos taurus and Bos indicus breeds (Luna-Nevarez et al., 2011) . Together, these data suggest that the region on chromosome 5 between 25 and 70 Mb harbors genetic variation affecting components of female reproduction in cattle.
To further evaluate this region for genomic variation such as CNV, an initial group of 68 central Florida females with 2 consecutive failed breeding seasons, were individually genotyped using the BovineHD BeadChip assay (Table 1A) . By using PennCNV to evaluate the beadchip assay data, we identified a deletion (loss of signal from SNP in region; Fig. 1 ) in the region of chromosome 5 (25-70 Mb) associated with decreased reproductive efficiency. This CNV is represented by a deletion of the DNA sequence between approximately 58.37 to 58.44 Mb on chromosome 5 (Bovine UMD3.1 assembly; Zimin et al., 2009) , as indicated by the change in log R ratio and loss of signal in animals with the deletion (Fig. 1) . Of the 68 central Florida females evaluated, 8 possessed the deletion for an initial frequency of approximately 12% for this group of nonpregnant females with 2 consecutive failed breeding seasons.
Validation and Evaluation of Deletion
To validate the deletion and determine the frequency of the deletion across a larger population, QRT-PCR tests were developed to amplify genomic regions along chromosome 5 possessing the deletion (Fig. 2) . Primers were designed (Table 2 ) to amplify regions of chromosome 5 both outside the boundaries of the deletion and inside the boundaries. As a result, an animal homozygous for the deletion would have a PCR product for the primers located outside the boundaries of the deletion but would not produce a PCR product for primers located within the deletion (Fig. 2B) . These QRT-PCR tests were initially used to validate the deletion for the 68 central Florida females that were evaluated in the initial discovery of the deletion using the BovineHD BeadChip assay (Fig. 2) . Once the deletion was validated in this population, the QRT-PCR tests were used to evaluate the frequency of the deletion in a larger group of females in both the central Florida and USMARC populations. A total of 319 nonpregnant/ Table 1 ) were evaluated by QRT-PCR. For the females evaluated by the initial QRT-PCR, the deletion was only identified in nonpregnant females, and the frequency of the deletion was 7% in central Florida population in nonpregnant/nonpregnant females and 0% in the USMARC population of low reproductive females (Table 1) . Within breed, significance for association of the identified deletion with reproductive efficiency was P = 1.59 × 10 -3 , P = 4.60 × 10 -4 , and P = 3.80 × 10 -5 for Brangus, Simbrah, and Braford, respectively, and P = 2.59 × 10 -10 when combining all 3 breeds for the central Florida population. Upon identification and confirmation of the deletion in the central Florida population, we then evaluated BovineHD BeadChip assay data that had previously been collected from approximately 1,000 cattle in the USMARC population, which included both female (328 animals) and male (703 animals) cattle of Bos taurus and Bos indicus background. From this BovineHD BeadChip assay data we initially identified a number of bulls with Bos indicus influence to be homozygous for the deletion. However, unlike female cattle that are homozygous for the deletion, the deletion does not appear to have an effect on the reproductive capacity of the bull as all bulls identified to be homozygous for the deletion produced progeny. While the deletion in males does not appear to affect reproduction of the bull, the bull does pass on a copy of the deletion to his offspring and this could affect reproductive success of future daughters that are produced depending on the frequency of the deletion in the female population. Analysis of this BovineHD BeadChip assay data from the USMARC population and further analysis of additional data from the central Florida population also identified 1 pregnant female in each population that possessed the deletion. These females both had Bos indicus influence and had at least 1 successful breeding season. To date, approximately 900 central Florida and 1,800 USMARC cattle have been evaluated for the deletion by the BovineHD BeadChip assay, QRT-PCR, or both. Therefore, of almost 3,000 animals evaluated, these were the only pregnant females to be identified with the deletion. While this deletion has been identified in pregnant females, BovineHD BeadChip assay and QRT-PCR data still identified this deletion as being associated with decreased reproductive efficiency and had greater frequency in nonpregnant females (P = 1.59 × 10 -3 , P = 4.60 × 10 -4 , and P = 3.80 × 10 -5 for Brangus, Simbrah, and Braford, respectively).
To date, we have not identified the deletion in nonpregnant or pregnant females or bulls that do not have Bos indicus background, suggesting that the deletion is specific to Bos indicus cattle. The central Florida population is composed of Bos indicus influenced cattle (Brangus, Simbrah, and Braford) that are three-eighths Bos indicus while the USMARC population evaluated is primarily Continental and British breeds and crosses. The most common breeds and crosses represented were MARC III (one-fourth each Pinzgauer, Red Poll, Hereford, and Angus; 29%), Angus (18%), Hereford (6.5%), MARC II (one-fourth each Hereford, Angus, Gelbvieh, and Simmental; 5.2%), Red Angus × Simmental (4.5%), Charolais (2.9%), Simmental (2.7%), MARC I (one-fourth each Limousin, Brown Swiss, and Charolais and one-eighth each Hereford and Angus; 1.8%), Simmental × MARC III (1.6%), and Red Angus × Simmental × MARC III (1.5%). This supports our finding of increased frequency of the deletion in the central Florida population. Previously reported data also suggested the region on chromosome 5 is associated with reproductive traits in Bos indicus cattle (Hawken et al., 2012) and these data herein support the hypothesis that the deletion associated with reproductive success is specific to Bos indicus cattle. In comparison to Bos taurus breeds, Bos indicus cattle have greater number of days until first estrus and longer calving interval (Chenoweth, 1994) . As a result of delayed estrus, there are an increased number of Bos indicus cattle that fail after first breeding compared to Bos taurus breeds. We propose that variation within the region on chromosome 5, including the identified deletion, could be associated with these traits in Bos indicus cattle and identification of these specific variations could be used in selection of Bos indicus cattle that enter estrus earlier and will have greater success after first breeding.
To identify possible genes that contribute to the decreased reproductive success in females that possess the deletion, evaluation of the 58.37 to 58.44 Mb region on chromosome 5 identified a number of olfactory receptor genes including members from the family 6, subfamily C. Olfactory receptors are G protein-coupled receptors that are stimulated by odorant molecules, which results in a signaling cascade (Spors et al., 2012) . They are expressed in the cell membrane and form the largest gene family in the mammalian genome. It has been reported that sexual behavior and reproductive physiology is impacted by chemical cues that are released by the animal and olfactory receptors play a central role in this process (Chamero et al., 2012) . While attempts have been made to increase our knowledge of the role of olfactory receptors in livestock species (Nguyen et al., 2012) , research is still lacking to completely understand the role of this family of genes. As annotation of the bovine genome and identification of gene function continues, we look forward to a better understanding of how deletion of this region of the genome impacts fertility.
To evaluate further the genomic sequence surrounding the deletion, the haplotype structure in the 296.2 kb region surrounding the deletion was analyzed using Haploview Fig. 3) . It must be noted that due to possible linkage disequilibrium (LD) with polymorphisms that are not genotyped, it cannot be know with absolute certainty that association detected between the deletion and reproductive efficiency is causative. As a result, the association may be the result of LD with another locus. To address this, Haploview was run on BovineHD BeadChip assay data of 75 cattle from the central Florida population for 73 SNP (BovineHD0500016422 at 58,241,554 bp through BovineHD0500016502 at 58,537,795 bp) in the region surrounding the deletion ( Fig.  3; Supplemental Fig. 1) . A common haplotype was identified, which comprises the first 15 SNP on Block 2 with R 2 values (measure of LD in which a value of 1 indicates complete LD and a value of 0 indicates complete equilibrium; Barrett et al., 2005) of 1 with the last 2 SNP (24 and 25) of Block 2 being within the identified deletion that spans the end of Block 2 and the entirety of Block 3 ( Fig.  3; Supplementary Fig. 1 ). Additionally, genotypic data from approximately 1,000 USMARC cattle genotyped with the BovineHD BeadChip assay indicated that this haplotype was common in multiple Bos taurus and Bos indicus breeds (data not shown). The 396 cattle homozygous for the common haplotype represented a large number of breeds and breed crosses with each contributing a small percentage. The 6 breeds with the highest representation were Charolais (14.4%), Angus (8.8%), Brahman (5.6%), Simmental (4.5%), Limousin (3.8%), and Brown Swiss (3.3%). Approximately 10% of the cattle homozygous for the common haplotype were homozygous for the deletion. These cattle were either Brahman or Bos indicus × Bos taurus composites: Brangus, Simbrah, Braford, Santa Gertrudes, and Beef Master.
While it currently cannot be know that the deletion is causative of the association, it may be possible to localize it to a small region based on LD structure. Upon analysis of the structure of LD of the approximately 300 kb region ( Supplementary Fig. 1 ), the data indicate that the causative locus may either be within the deletion or within the 41 kb common haplotype block adjacent to the deletion on the 5′ end. The erosion of LD in the end of Block 2 and Block 3 may be the result of hemizygous animals, which were included in the analysis. However, LD between the deletion and the common haplotype is high as all cattle that are homozygous for the deletion are also homozygous for the common haplotype, suggesting that the deletion may have initially occurred on the common haplotype background presumably after the split between Bos taurus and Bos indicus; otherwise, the common haplotype would also be associated with the deletion in Bos taurus. Blocks 2 and 3, which contain the common haplotype and deletion, have relatively high recombination rates with the surrounding regions ( Fig. 3; Supplemental Fig. 1 ) suggesting that the causative locus is either within the deletion or the common haplotype adjacent to it. Additionally, small multilocus LD ( Fig. 3; Supplemental Fig. 1 ) between Blocks 1 and 2 (R 2 = 0.37) and Blocks 3 and 4 (R 2 = 0.55) suggest substantial recombination in these intervals.
Conclusions
Through use of genetically diverse cattle populations and the Illumina BovineHD BeadChip assay, we have identified a deletion on chromosome 5 significantly associated with decreased reproductive efficiency in Bos indicus cattle. As a result, these data presented herein provide us with a region of genetic variation that may be used in selection of cattle for improved female fertility. 
